ABSTRACT: Water molds that cause the disease saprolegniasis have been implicated in widespread mortality of amphibian embryos. However, because of the limitations of traditional identification methods, water mold species involved in die-offs or utilized in ecological studies often remain unidentified or identified only as Saprolegnia ferax. Furthermore, water mold taxonomy requires revision, so very distinct organisms may all be called S. ferax. Recent DNA-based studies indicate that the diversity of water molds infecting amphibian embryos is significantly higher than what was previously known, but these studies rely on culture methods, which may be biased towards taxa that grow best under laboratory conditions. In this study, total embryo-associated DNA was extracted from 3 amphibian species in a pond in central Washington, USA. The internal transcribed spacer (ITS) region of DNA was amplified with primers capable of amplifying a broad array of eukaryotic microorgansisms, and was used to construct clone libraries. Individual clones were sequenced and relationships among newly recovered sequences and previously studied taxa were analyzed using phylogenetics. These methods recovered several new taxa in association with amphibian embryos. Samples grouped into 11 distinct phylotypes with ITS sequence differences ranging from 4 to 28%. The water mold communities recovered differed among Rana cascadae, Bufo boreas, and Pseudacris regilla egg masses. Furthermore, the diversity of water molds increased as egg masses aged, and members comprising this diversity changed over time.
INTRODUCTION
Infectious diseases can have devastating effects on population dynamics, and contribute to the current global biodiversity crisis (Daszak et al. 1999 , Blaustein & Kiesecker 2002 . With extinction threatening at least one-third of all amphibian species (Stuart et al. 2004) , it is essential to understand diseases that contribute to amphibian declines. Water molds of the phylum Oomycota are ubiquitous saprotrophs in freshwater systems, and are also known to cause the disease saprolegniasis in fish and amphibians (Scott 1964 , Banks & Beebee 1988 , Blaustein et al. 1994 , Kiesecker et al. 2001b . Healthy adult amphibians do not commonly suffer from water mold infections, but embryos and larvae may be killed by saprolegniasis (Kiesecker & Blaustein 1995 , Romansic et al. 2006 , Romansic et al. 2009 ). The extent and effects of water mold infections vary greatly between locations and seasons; in ponds stocked with fish that carry a virulent oomycete strain, up to 80% egg mortality has been reported in association with water mold infections. (Kiesecker & Blaustein 1997) .
Although water molds are recognized as important pathogens of amphibian embryos, these organisms are still poorly understood. Until recently, most am -phi bian embryo infections were attributed to Saprolegnia ferax, and many water mold infection studies have not identified the pathogen beyond Saprolegnia sp. (Kiesecker & Blaustein 1995 , Kiesecker et al. 2001a ,b, Romansic et al. 2006 , Sagvik et al. 2008a . However, most identifications of either Saprolegnia sp. or S. ferax have been based on the general appearance of an infection rather than specific pathogen identification. More thorough studies of water mold infections use morphological identification (Blaustein et al. 1994) , but this practice is inadequate because the morphology of these organisms does not reflect their phylogeny (Diéguez-Uribeondo et al. 2007 , Johnson et al. 2008 . Consequently, various studies of 'Saprolegnia' infections may actually be of diverse organisms.
Recent molecular work indicates that multiple water molds cause saprolegniasis, but the ecological consequences of this diversity have not been addressed. At least 7 phylotypes of water mold are associated with infected embryos (Johnson et al. 2008) , and one study reports 12 different types (Petrisko et al. 2008) . Of these, 3 species (Saprolegnia ferax, S. diclina, and Leptolegnia sp.) can cause mortality in controlled experiments (Kiesecker et al. 2001b , Fernandez-Beneitez et al. 2008 , Ruthig 2009 ). Although these studies begin to explore the diversity of water molds, they rely on culture methods, which favor the isolation of taxa that grow best under culture conditions, not necessarily the taxa that are most prevalent or most important on the host. However, molecular methods can help to circumvent culture bias by constructing a clone library using all DNA from organisms associated with infected amphibian embryos. If multiple species co-occur on a single embryo, they may interact with one another (competitively or synergistically) to change the infection ecology. Competition among water molds on an embryo could lessen the overall harm to the amphibian, whereas synergistic interactions could increase mortality for those embryos exposed to multiple types of water mold. With the potential for such interactions, it is important to consider pathogen diversity when investigating water mold infections.
Diverse water molds may also respond differently to environmental factors. For example, stressors such as temperature, UV-B radiation, and pH can increase amphibian vulnerability to water molds (Banks & Beebee 1988 , Kiesecker & Blaustein 1995 , Hatch & Blaustein 2000 , Kiesecker et al. 2001a , Blaustein et al. 2003 , but these responses may vary depending on the water molds present. Environmental stressors are generally evaluated for their effects on amphibians, but these stressors may also affect the water molds. Experimental studies show that some Saprolegnia infections are actually mitigated by nitrates in the water (Romansic et al. 2006) , which indicates that nitrates affect water molds as well as amphibians. In the context of these complex interactions, water mold diversity should be considered in experimental studies of amphibian saprolegniasis.
Amphibians vary in their vulnerability to water mold infections. These differences may be due to the properties of the egg jelly or the ecology of egg laying behavior. For example, species such as Rana cascadae have a large, dense jelly envelope, which may be more difficult for hyphae to penetrate compared with the more delicate Bufo boreas jelly. Furthermore, the chemistry and composition of egg jelly may differ between species, which could confer varying resistance to saprolegniasis. Egg laying behavior may also play an important role in water mold infection because water molds spread throughout an egg mass primarily through direct hyphal contact. Eggs that are laid communally, or in larger egg masses, experience higher mortality because water mold infections can spread between embryos more easily (Kiesecker & Blaustein 1997) . Because different am phi bian species have different jelly types and different laying behavior, there is a potential for different water molds to specialize in colonizing certain species.
Some circumstantial evidence indicates host specificity, or at least significant host preferences among water molds. Ruthig (2009) isolated a Saprolegnia species from Rana catesbeiana, but found a different genus of water mold, Leptolegnia, on Pseudacris crucifer embryos from the same pond. In addition, Robinson et al. (2003) found that water molds isolated from the same newt species in different ponds had similar DNA fingerprints, indicating that some pathogens may be species-specific. In several studies, multiple amphibian species were infected with a single strain of Saprolegnia (Kies ecker & Blaustein 1995 , Romansic et al. 2006 , Touchon et al. 2006 ), but findings from such studies may not be ecologically relevant if different strains are specific to different hosts in natural systems. Furthermore, accurate identification of pathogens is important because strains of Saprolegnia differ in their virulence (Kiesecker et al. 2001b , Robinson et al. 2003 . Given the morphological plasticity of these organisms, isolates identified as different 'strains' in these comparative virulence studies may actually be different species, or even different genera. Therefore, accurate identification is important.
The present study uses a molecular approach to construct clone libraries to address the following hypotheses: (1) multiple types of water molds are found on the embryos of each amphibian species tested; (2) water mold communities differ among amphibian species, indicating some level of host specificity or preference; and (3) older egg masses host more diverse water mold communities, which would occur if older masses are exposed to more water molds. As a result, this study is designed to survey and compare the diversity of water mold associations with amphibians in a natural, aquatic system.
MATERIALS AND METHODS
Infected embryos were collected from Swamp Lake, WA (52.40960°N, 62.8383°E), during the spring breeding seasons of 2008 and 2009. This is a shallow lake of approximately 121 ha; it is home to several amphibian species, but does not contain any fish. Three species of amphibian known to have water mold infections, the Cascades frog Rana cascadae, the western toad Bufo boreas, and the Pacific tree frog Pseudacris regilla, were chosen for this study. Swamp Lake is also the breeding site of the northwestern salamander Ambystoma gracile, but this species is less common and generally less affected by water molds, and was not included in this study. At this location, R. cascadae lay their eggs as soon as the pond begins to melt out in the spring, so the pond was monitored twice a week for breeding activity beginning mid-March to capture early stage infections.
For Rana cascadae, each egg mass encountered was sampled, assigned an identification number, and flagged for resampling. Embryos selected for collection were those visibly colonized with a water mold. For egg masses that were not visibly colonized, the embryos selected were those that appeared compromised in any way. Egg masses were resampled on 12, 15, and 19 May 2009, until all embryos either hatched or died.
Bufo boreas lay eggs communally in long strings of eggs that mix between breeding pairs to create large mats of embryos, so a modified sampling protocol was necessary. Colonized embryos were selected for collection from various locations around the mat, and each location was numbered and flagged. Subsequent samples were collected from the same flagged locations around the breeding area, again choosing embryos that were visibly colonized whenever possible. B. boreas embryos were resampled on 15, 19, and 23 May 2009, until all embryos either hatched or died.
The third amphibian species, Psuedacris regilla, lays eggs in small clutches of approximately 10−20 eggs, so when these embryos were encountered the entire egg mass was collected. With this strategy, resampling for P. regilla was not possible; all samples were collected on 29 May 2008.
Each embryo was thoroughly rinsed in 9 ml sterile water, preserved in 1 ml 70% ethanol in 1.5 ml microcentrifuge tubes, and stored at 4°C. Examination of samples under a dissecting microscope to determine whether hyphae were penetrating into the egg jelly or simply present on the jelly surface was not practical in this study because of the advanced state of decomposition of some samples. Samples of Rana cascadae and Bufo boreas were grouped into early, middle, or late collection periods corresponding to the collection dates. Early, middle, and late designations generally correspond both to the overall development of the egg mass and the progression of infection. To standardize sample sizes between groups, we extracted DNA from 10 individual infected embryos from early, middle, or late collections of R. cascadae and B. boreas; all 10 samples of Pseudacris regilla were included.
To prepare for DNA extraction, each sample was centrifuged at 12 846 × g for 2 min, and ethanol decanted. Pellets were centrifuged again at 12 846 × g for 2 min, and the remaining ethanol was removed by aspiration. DNA was extracted from the pellets using a DNeasy ® Blood and Tissue Kit (QIAGEN), and stored at −20°C.
Amplification of the internal transcribed spacer (ITS) region of rDNA was achieved with the primers ITS1 and ITS4 (White et al. 1990 ). PCR reactions included 2 ml 10× buffer (Teknova), 2.5 mM MgCl 2 , 200 µM each dNTP, 0.4 µM each primer, 1 U Taq DNA polymerase, and 1 µl DNA template in 20 µl reactions. Amplifications were performed with 40 cycles of 94°C for 1 min, 54°C for 1 min, 72°C for 2 min, and a final extension of 72°C for 7 min.
For early, mid, and late collection groups, PCR products were pooled for each host and used to construct plasmid clone libraries. PCR fragments were ligated with pGEM ® -T Easy Vector System (Promega) by incubation at room temperature for 1 h, or at 4°C overnight, with 5 µl 2X Rapid Ligation Buffer, 1 µl pGEM ® -T Easy vector, 3 µl PCR product, and 1 µl T4 DNA Ligase (3 Weiss units µl agar, 100 mg l −1 ampicillin, pH 7.0) with 20 µl X-Gal and 100 µl isopropyl-β-D-thiogalactoside and incubated overnight at 35°C. All white colonies were screened for inserts by direct PCR amplification using the same conditions described previously. Amplification products were evaluated by electrophoresis on 1% agarose gel with 50 µg ml −1 100 bp ladder. All successful amplifications were sequenced in the forward direction using the primer ITS1 by the University of Washington's High-Throughput Ge nomics Unit. Sequence assembly was performed using the program Staden 1.7.0 (Staden et al. 2000) . For each distinct sequence, 2 representative samples were sequenced in the reverse direction using the primer ITS4. Some sequences were only found once, in which case that one sample was sequenced in the reverse direction. Each unique consensus sequence was matched to sequences in GenBank using BLASTN (Altschul et al. 1990 ) to assess the closest genus of eukaryotic microorganism. Samples that matched to the Oomycota (most closely matched to members of Saprolegnia, Leptolegnia, or Achyla) were used for further assessment of water mold diversity.
Sequence alignments were performed with ClustalX (Larkin et al. 2007 ) followed by visual alignment with Mesquite 2.72 (Maddison & Maddison 2009 ). Phylogenetic ana lysis was performed using PAUP* 4.0b10 (Sinauer Associates) with Aphanomyces frigidophilus (GenBank accession number FM999233) as an outgroup. Phylogenetic analysis in cluded each unique water mold se quence plus all similar sequences in GenBank. The complete data set (n = 386) was used to construct a neighbor-joining tree (support values were determined by bootstrapping with 1000 replicates). Based on this tree, clades that contained sequences re covered from this study were identified and analyzed separately. Each clade was analyzed using maximum likelihood (bootstrap with 100 replicates) and neighbor-joining (bootstrap with 1000 replicates) algorithms. From these analyses, se quences were chosen that represented the topology of each clade for inclusion in construction of summary trees (n = 49) using maximum likelihood (bootstrap with 100 replicates) and neighbor-joining (bootstrap with 1000 replicates) programs.
To assess genetic distances between samples within a clade, Kimura 2-parameter (K2P) distance matrices were calculated. A distance matrix was also calculated for all of the samples from this study. Samples were considered to belong to unique phylotypes if they differed by more than 3% (O'Brien et al. 2005) .
RESULTS
Multiple phylotypes of water molds were associated with amphibian embryos, and communities of water molds differed among amphibian species and collection times. In addition to water molds, a number of algae and other eukaryotic microorganisms were associated with amphibian egg masses. These microeukaryote communities differed among amphibian species and collection times.
From 130 samples sequenced for this study, 117 high quality sequences were recovered. Sequences were considered 'high quality' if they had clear base calls and were at least 450 bp long. Of these, 60 sequen ces were from water molds, 45 were from algae, and 12 were from other eukaryotic microorganisms (Table 1) 
from 621 to 881 bp long, algae sequences were 467 to 885 bp, and the other eukaryotic microorganisms were 479 (Pholiota) to 716 (Spumella-like flagellate) bp long. Identification of water mold sequences and GenBank accession numbers are presented in Table 2 . The assortment of eukaryotic microorganisms associated with amphibian embryos differed among Bufo boreas, Rana cascadae, and Pseudacris regilla egg masses. B. boreas egg masses hosted the greatest numbers of water molds, but also had associated algae and other microorganisms (Table 1 ). In contrast, algae were primarily associated with R. cascadae egg masses, which had few associated water molds and no other eukaryotic microorganisms. Of the algae present on R. cascadae embryos, 5 genera were found on mid R. cascadae egg masses, but only the genus Dunaliella was present on late R. cascadae egg masses. Interestingly, early R. cascadae had no evidence of eukaryotic microorganisms. Only one phylotype was recovered from the P. regilla egg masses, and it was the only true fungus (Pholiota) detected in this study.
Water molds recovered in this study grouped into 7 distinct clades, designated A−G (Fig. 1) . Clades A−F included a number of isolates from GenBank that have been identified as species of Saprolegnia, whereas clade G included a number of isolates that have been identified as species of Achlya. The number of members and genetic diversity of each clade are shown in Table 3 . Genetic distances between samples from different clades ranged from 9.8 to 28.2% (Table 4 ). The 7 clades included 11 distinct phylotypes, separated from each other by at least a 3% K2P genetic difference (Table 4) ; within-phylotype sequences differed by less than 0.7%.
Clade A consisted of a group of highly similar sequences, and included samples from early Bufo boreas and mid Rana cascadae embryos. The 2 samples recovered had a K2P genetic distance of 0.2% (Table 4) , and were therefore considered to belong to a single phylotype, A1. Other members of this clade have been morphologically identified as Sapro legnia ferax in GenBank, including a sample (EU124763) that is identical to A1 and was previously identified morphologically as S. ferax (Johnson et al. 2008) .
Clade B included samples from collection groups mid and late Bufo boreas and late Rana cascadae. Following initial analyses of all taxa (n = 386) using neighbor-joining, clade B was analyzed separately with neighbor-joining and maximum likelihood. The samples recovered divided into 2 distinct phylotypes, B1 and B2 (Fig. 1) . In addition to belonging to sepa- Aplanes papillosa Achlya oligacantha Fig. 1 . Maximum likelihood summary tree. Representative water mold taxa (all S.: Saprolegnia) were chosen from a larger neighbor-joining tree (n = 386) to represent the diversity of sequences in each clade. Bootstrap values > 60 are shown from a neighbor-joining tree with 1000 replicates (above) and a maximum likelihood tree with 100 replicates (below) rate sub-clades within Clade B, members of B1 differed from B2 by pairwise distances of greater than 4%, whereas distances within phylotype B1 are 0− 0.2% (Table 4) . Several clades only contained one phylotype from this study. Clade C included a single sample from early Bufo boreas embryos, designated phylotype C1. This sequence was most similar to AB219379, identified as Saprolegnia torulosa, with a genetic distance of < 0.6%. Clade D included a single sequence from mid B. boreas embryos, phylotype D1, which was < 0.1% different from a sample (EU124761) previously identified morphologically as a species of Saprolegnia (Johnson et al. 2008) . Clade E included genetically identical samples isolated from mid and late B. boreas and late Rana cascadae collections (Table 4) . These sequences, identified as phylotype E1, are identical to EU124757, which is from a culture identified morphologically as a species of Saprolegnia (Johnson et al. 2008) . Clade F included 2 sequences from mid B. boreas egg masses; these differed by 0.7% and therefore belong to a single phylotype, F1. The majority of sequences in this clade have been identified in GenBank as S. ani sospora, including EU24186, which is identical to members of F1.
Clade G included sequences from mid and late Bufo boreas egg masses. Unlike Clades A−F, all members of this clade were identified in GenBank as Achlya. Within this clade, each individual sample yielded a different phylotype (designated G1−4) with genetic distances ranging from 3.6 to 18% (Table 4) .
Water molds varied between Rana cascadae and Bufo boreas egg masses, and differed with collection time (Fig. 2) . Overall, only 3 of the 11 phylotypes were present on both R. cascadae and B. boreas egg masses. These 3 phylotypes were Saprolegnia ferax (A1) and the 2 most prevalent types of water mold, B1 and E1. Eight phylotypes were unique to B. boreas egg masses, but no phylotypes were unique to R. cascadae egg masses; all 3 phylotypes found on R. cascadae were also found on B. boreas.
The diversity of water molds infecting an amphibian species increased with time (Fig. 3) . However, the phylotypes present changed over time. Only one water mold sample was recovered from mid Rana cascadae embryos, and it differed from the phylotypes on late R. cascadae samples (Fig. 2) . Similarly, phylotypes that we found on early, mid, and late Bufo boreas embryos all differed from each other except for the most prevalent phylotypes, B1 and E1 (Fig. 2) . 
DISCUSSION
All 3 hypotheses proposed in this study were supported: (1) multiple types of water molds were found on each amphibian embryo species, (2) water mold communities differed among amphibian species, and (3) older egg masses hosted more diverse communities of water mold. In addition to finding diverse water molds, other eukaryotic organisms were recovered.
Water mold diversity
Multiple types of water molds were found on each amphibian species, confirming the first hypothesis. Eleven distinct phylotypes were associated with Bufo boreas embryos, and 3 of those were also found on Rana cascadae embryos (Fig. 2) . However, 7 of the phylotypes each came from a single sample, and another 2 phylotypes were each found from only 2 samples. With such low repeated recovery of phylotypes, we believe that additional water mold phylotypes could be found with increased sampling effort.
The water molds recovered in this study differed from those previously reported in association with amphibians. The majority of studies have reported that S. ferax is the water mold responsible for am phibian saprolegniasis (Kiesecker & Blaustein 1995 , 1997 , Kiesecker et al. 2001a . The phylotype most similar to isolates commonly identified as Saprolegnia ferax (A1) was found on both Rana cascadae and Bufo boreas egg masses, but only one representative sequence was detected from each amphibian species. Although the idea that S. ferax is important to amphibian saprolegniasis is not contradicted by these results, S. ferax was not among the most prevalent water molds isolated from infected amphibian embryos. Other authors have reported S. diclina and Leptolegnia sp. infecting amphibian embryos (Fernandez-Beneitez et al. 2008 , Ruthig 2009 ), but these species were not found here. In contrast with previous research, the most prevalent types of water mold recovered, phylotypes B1 and E1, were most closely related to unidentified Saprolegnia species.
Phylotype B1 belongs to Clade B, which includes samples identified in GenBank as Saprolegnia, Leptolegnia, and Achlya. However, this apparent taxonomic diversity is probably the result of misidentification or bad taxonomy rather than true diversity, because clade members differ from each other by less than 2% and the clade is strongly supported (Fig. 1) . A member of Clade B (EU124766) has been identified morphologically as S. kauffmanniana (Johnson et al. 2008) , so phylotypes B1 and B2 were also considered to be species of Saprolegnia. Because B1 was present on both Rana cascadae and Bufo boreas egg masses and was the second most prevalent phylotype recovered in this study (n = 20), it warrants further taxonomic description and consideration as an important amphibian Saprolegnia species.
The most prevalent phylotype, E1, is also an unidentified species of Saprolegnia. E1 was found on both Rana cascadae and Bufo boreas egg masses, and was the most commonly recovered water mold on amphibian eggs (n = 28). Clade E primarily includes sequences that have not been assigned species names in GenBank, but E1 is clearly a significant amphibian embryo associate. Infection studies, however, will be necessary to determine whether this organism is an amphibian pathogen.
In addition to the 3 species found on both Rana cascadae and Bufo boreas egg masses, 4 other Saprolegnia species were unique to B. boreas samples. They include Saprolegnia anisospora (F1), S. torulosa (C1) and 2 other Saprolegnia phylotypes (B2 and D1). As with the other taxa reported here (besides S. ferax), S. anisospora and S. torulosa are not known amphibian pathogens, but their association with these embryos warrants infection experiments to determine whether they are pathogens or opportunists.
Four of the phylotypes recovered (G1−4) belong to Clade G, which consists primarily of samples identified as Achlya sp. in GenBank. Similarly to Saprolegnia, Achlya is not a monophyletic group and requires taxonomic revision. We excluded a number of species, including Achlya prolifera (the type of Achlya), because they are quite genetically distinct from all other species recovered in this analysis. In contrast, the phylogenetic analyses included a number of species from the subgenus Centroachlya. The morphology-based taxonomy from Johnson (1956) of the Saprolegniaceae is out of date and not supported by phylogenies based on molecular information. Plasticity of morphological characters and differences in interpretation have resulted in inconsistent identifications; consequently, names for taxa associated with sequences in GenBank are often suspect. Although Clade G does not include the type species for Achlya, we considered Clade G to be Achlya because all members within the clade are identified as Achlya. Achlya has not previously been reported from amphibian embryos, and the phylotypes discovered here may represent a new group of amphibian embryo pathogens.
Species-specific differences in water mold communities
The water mold communities associated with an egg mass differed between amphibian species, indicating some level of host specificity or preference. Interestingly, the only phylotype found on both Rana cascadae and Bufo boreas that could be assigned a species designation was Saprolegnia ferax. The ubiquity of this species may partially explain why it has historically been credited with all amphibian embryo infections, even though it was not the most commonly detected water mold in this study. The most prevalent water molds, B1 and E1, were the only other 2 phylotypes found on both R. cascadae and B. boreas. Although pathogenicity still needs to be established for B1 and E1, their prevelance and ubiquity supports the idea that B1 and E1 may be more important amphibian embryo pathogens than those previously described in the literature. Considering the molecular approach of this study, which did not rely on culture methods, it is possible that the ubiquitous B1 and E1 do not grow as well in culture as S. ferax, S. diclina, or Leptolegnia sp., and as such have been overlooked in terms of their importance to amphibian infections.
Four phylotypes of Saprolegnia were unique to Bufo boreas embryos: S. anisospora (F1), S. torulosa (C1), B2, and D1. However, no phylotypes were unique to Rana cascadae egg masses. This may indicate that S. anisospora (F1), S. torulosa (C1), B2, and D1 are host specific to B. boreas embryos, and no species are specific to R. cascadae embryos. Alternatively, it may indicate that R. cascadae are more resistant to water mold infections and only the strongest pathogens are able to infect them. As B1 and E1 were the most prevalent water molds, and exhibited high virulence in amphibians (S. Brady pers. comm.), Central Washington University, they would be likely to infect the more resistant R. cascadae embryos.
Egg mass age and water mold community diversity
The diversity and species of water molds represented by phylotypes increased over time in both Bufo boreas and Rana cascadae egg masses (Fig. 3) . The members comprising this diversity also changed over time. It does not seem that the number of different water molds infecting an egg mass increases with time because they have longer exposure to environmental water molds. Rather, the water mold communities appear to be successional. Only the most prevalent phylotypes, B1 and E1, persisted between collection times (Fig. 3) . Succession of water molds may indicate competition among phylotypes. Early colonizers may be better at initially infecting an egg mass, but once the egg mass is compromised the colonizers are outcompeted by more opportunistic water molds. Some water molds associated with amphibian embryos are probably saprotrophs, and can only infect an egg mass after embryos have been killed by a different type of water mold. Saprolegnia ferax plays a unique role in the timeline of colonization-it was the first species to colonize R. cascadae egg masses, and was one of the 2 phylotypes found in early B. boreas egg masses. Although many water molds infect egg masses, S. ferax may be one of the important initial colonizers.
Other eukaryotic microorganisms
Although water molds were the most common taxa recovered (n = 60), many algae (n = 45) were found as well (Table 1) . Algae can have a symbiotic relationship with some amphibian species (Gilbert 1944) . The gelatinous properties of an amphibian egg mass can limit oxygen transmission to embryos, but photosynthetic algae can produce oxygen within the mass. We found algae in both Bufo boreas and Rana cascadae samples, but R. cascadae egg masses had more algal associations. This is not surprising considering that other species of Rana, such as R. sylvatica, are among the species known to host symbiotic algae (Pinder & Friet 1994) . R. cascadae embryos may be more reliant on algae for oxygen production than B. boreas embryos because of the properties of their egg masses. R. cascadae have more dense, round egg masses that could limit oxygen diffusion under low oxygen conditions, whereas B. boreas lay their eggs in long strings that allow for greater exposure of embryos to the environment. Interestingly, mid R. cascadae egg masses hosted 5 algal genera, but only the genus Dunaliella was detected in late R. cascadae egg masses. This may indicate that multiple algal species initially infect an egg mass, but Dunaliella is is the only genus that is able to persist and become the dominant symbiont.
In addition to algae, other non-water-mold eukaryotic microorganisms were recovered. The only sequence recovered from Pseudacris regilla egg masses was a species of Pholiota. Because Pholiota is a genus of wood-rotting, mushroom-forming fungi, most likely a spore was simply present on an egg mass, but not infecting it. Several protists were found in association with Bufo boreas egg masses. These protists may have been associated with the egg masses because of the nutrient-rich environment created by the diverse community of water molds and algae infecting the embryos. The diverse assortment of microorganisms associated with amphibian em bryos illustrates the role of egg masses in contributing to the diversity and complexity of a pond ecosystem.
CONCLUSIONS
It is clear from this study that types of water mold other than just Saprolegnia ferax, S. diclina, and Leptolegnia sp. are involved in colonization of amphibian embryos. At least 11 phylotypes of water mold were associated with amphibian embryos, but more sampling is needed to definitively characterize the complete diversity of water molds involved in colonization of amphibian embryos. Furthermore, infection experiments are needed in order to fulfill Koch's postulates and determine which phylotypes are primary pathogenic colonizers, which are opportunistic patho gens, and which are simply saprotrophs. Infection experiments are also needed to compare the relative virulence of different water molds, and investigate interactions between phylotypes. Finally, the host associations reported here should be explored to confirm specificity.
Although infection experiments are still needed to confirm which phylotypes are pathogenic, the prevalence of B1 and E1 may implicate them as important amphibian embryo pathogens. Researchers should not assume that all amphibian saprolegniaisis can be attributed to Saprolegnia ferax. According to the findings of this study, it is more likely that B1 or E1 is present, especially for Bufo boreas. Furthermore, some water mold infections may be due to Achlya, not Saprolegnia.
When investigating the ecology of water mold infections, it is important to recognize that different amphibian species host different communities of water molds. Because significant host associations may exist, infecting eggs of one species with water molds isolated from a different amphibian species may not be ecologically relevant.
Competition among phylotypes could be important to the infection ecology of an egg mass, so those attempting to infect amphibian embryos should consider the complexity of environmental infections when designing infection experiments. We have performed preliminary experiments that show that the mortality of embryos exposed to multiple water molds differs from the mortality of those exposed to a single water mold. It is clear that water molds associated with amphibian embryos represent diverse and dynamic communities, and the complexity of these systems should be considered as part of our understanding of amphibian embryo ecology. 
